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Abstract 
The rising requirements in cutting operations for higher performance and higher efficiency respecting also environmental phenomena are 
influencing the use of different coolants and flushing conditions. In machining difficult-to-cut materials, in particular high-temperature 
materials, conventional emulsion cooling is unsuitable due to the insufficient cooling effect and the energy and cost intensive equipment 
required. For this reason new cooling and lubricating strategies have to be developed and investigated. Using hybrid processes, mainly by 
superposition of various cooling strategies, offers the potential to extend the existing technological process limits of conventional cutting 
processes. The paper introduces theoretical, experimental and simulation results with various innovative cooling strategies, such as high-
pressure cooling, cryogenic cooling and aerosol dry lubrication in grooving, turning and drilling and derives the appropriate field of application 
for each flushing strategy. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Assembly Technology and Factory Management/Technische Universität Berlin. 
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1. Introduction 
The main goal in machining difficult-to-cut materials is to 
minimize production time, costs, energy and resources while 
maintaining or even improving performance. One of the most 
important factors influencing process efficiency and 
performance can be related to the flushing strategy and 
coolant type. Performance also depends on the material 
behavior such as friction, temperature and forces, which in 
turn are directly related to the flushing and coolant system. 
This paper introduces fundamental aspects that characterize 
the efficient utilization of innovative flushing strategies. Basic 
phenomena and examples of the influences in turning, 
grooving and drilling under high-performance cutting (HPC) 
conditions for improving energy and resource efficiency are 
presented and discussed. Based on fundamental investigations, 
basic modeling and simulation of cryogenic cooling conducted 
in drilling show the thermal conditions in the cutting zone. 
Final considerations are made about fields of application of 
the different flushing strategies. 
2. Flushing systems and coolant types 
Basically industry prefers to use dry cutting in order to save 
flushing cost and eliminate negative influences on the 
environment. However, dry cutting is suitable only for some 
materials, few cutting processes and limited machining 
conditions. The main tasks of state-of-the-art flushing 
strategies include cooling of the cutting zone, cutting tool and 
workpiece, transfer of heat, decreasing friction, flushing of 
chips, and more active supporting of the cutting and chip 
control process, including curling and effective chip breaking. 
In the following, the principles of high-pressure flushing, 
cryogenic cooling and aerosol dry lubrication are presented. 
2.1. High-pressure coolant flushing 
For a reliable cutting process optimal chip flow and chip 
breaking are essential preconditions. However, when 
machining long-chipping materials such as high-temperature 
alloys, chip control can be achieved only to a limited degree. 
Using standard cutting conditions with emulsion cooling long 
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chips are formed, which may cause damage to the cutting tool 
and the machined workpiece surfaces. 
One possibility to achieve appropriate chip control is the 
combination of conventional cutting processes with high-
pressure flushing. Especially in grooving and drilling of 
materials with poor chip breaking, the application of high 
pressure gains importance [1, 4]. Using coolants at high 
pressure of up to 120 bar is today almost state-of-the-art. Not 
only the improvement of chip breaking and evacuation, but 
also the cooling of the cutting zone is positively influenced by 
the coolant jet. Fig. 1 shows the various possibilities to direct 
the flushing flow towards the cutting zone. For all shown 
cases flushing with low pressure cannot reach the vicinity of 
the cutting edge. The most common method to provide high-
pressure jet is to direct the coolant flow into the space between 
chip and tool rake face (Fig. 1a). Due to the high pressure 
applied by the cutting fluid on the chips, the radius of chip 
curvature is reduced, and when exceeding the elongation at 
break, the chips break into small pieces. Thus, the chips can 
easily be removed from the cutting zone. 
 
 
Fig. 1. Possibilities of flushing direction and high-pressure coolant jet supply. 
Furthermore, shorter contact length between cutting tool 
and chip can be achieved, which results in reduced friction, 
decreased cutting forces and lower thermal load. An 
alternative to rake face flushing is the supply into the space 
between clearance face and the machined workpiece surface 
(Fig. 1b). This option enables the coolant jet to get much 
closer to the cutting edge, cool down the clearance face more 
intensely and consequently may reduce flank wear. This 
flushing option has a high effect on cooling, but a small 
influence on chip breaking. New strategies combine rake face 
and clearance face cooling and lubricating at the same time 
(Fig. 1c). Using a hole in the rake face of the tool provides 
high pressure in the vicinity of the cutting edge enabling to lift 
and break the chips and significantly reduce the contact length 
(Fig. 1d) [1, 2, 3]. 
2.2. Cryogenic cooling 
The application of cryogenic media strategy offers the 
advantages of dry machining in combination with sufficient 
cooling effect. For cooling of the cutting process liquid 
Nitrogen (LN2) and carbon dioxide (CO2 snow or dry ice) are 
applied to the cutting zone. The two gases have to be 
distinguished regarding the mechanisms for generating low 
temperatures that imply different requirements for their use as 
a coolant. The important properties for flushing application 
can be derived from the phase diagrams shown in Fig. 2 [4]. 
 
 
Fig. 2. Schematic phase diagrams for carbon dioxide and Nitrogen. 
Cooling with carbon dioxide (CO2) is effected by the 
thermodynamic properties under various pressure conditions 
(Fig. 2a). CO2 is supplied from medium-pressure tanks (MPT) 
as a liquid with a pressure of approx. 57 bar at a temperature 
of approx. 20°C through the spindle of the machine tool into 
the cutting tool via pressure-resistant pipes. As the medium is 
under pressure and consequently has an ambient temperature, 
the machine elements and tubes are not thermally influenced 
at all. When exiting from the cooling channels, the liquid CO2 
expands and the pressure drops down to ambient pressure 
(p = 1.013 bar). The medium cools down to -78.5°C in this 
process due to the Joule-Thomson effect and phase 
transformation occurs into solid carbon dioxide snow and 
gaseous CO2. The higher ambient temperature of the cutting 
zone causes the sublimation of the solid phase without any 
residue, resulting in decreased process temperatures [4].  
When using CO2 as a coolant, environmental factors have 
to be considered as CO2 is a gas reinforcing the greenhouse 
effect. However, most of the technical carbon dioxide used in 
Europe is obtained as a waste product from chemical and 
industrial processes. Consequently, the application of such 
CO2 does not increase the greenhouse effect and is 
environmentally neutral, in contrast to conventional cutting 
emulsions. 
Table 1. Properties of CO2 and LN2 relevant for cutting processes. 
 Carbon dioxide (CO2) Nitrogen (LN2) 
Feasible temperatures  -78.5°C -196°C 
Range of cooling 
effect  
Formation of low 
temperatures during 
expansion at tool exit 
Cooling effect including 
the storage tank, feeding 
tubes & the cutting tool 
Handling /integration 
into machine tool  
Without any problems Vacuum insulation of 
total feeding system 
(tubes) necessary 
Tools Standard tool with only 
few modifications 
Special tool design with 
insulated supply 
 
The relevant properties of cryogenic Nitrogen for cooling 
and flushing are completely different from those of CO2 (see 
summary in Table 1). Liquid Nitrogen (LN2) is stored in 
isolated tanks, transforms under ambient pressure from the 
solid into the liquid phase at -210°C and starts boiling at a 
temperature of -196°C (Fig. 2b). Due to the lower 
temperatures it can be concluded that LN2 is a more efficient 
cooling medium than CO2. However, the low temperatures of 
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LN2 under atmospheric pressure are also problematic for its 
application as a coolant. To avoid hazards and a decrease in 
cooling efficiency, the overall supply system (feeding tubes, 
valves, machine components, cutting tool) has to be protected 
from the influence of the low temperatures. Furthermore it has 
to be considered that LN2 starts boiling when getting into 
contact with hot surfaces and forms an insulating film that 
reduces the cooling effect [4]. 
2.3. Aerosol dry lubrication 
Scientific investigations focus on the combination of 
sufficient cooling with appropriate lubrication of the cutting 
zone as a function of the machining task. Established 
lubrication methods such as minimum quantity lubrication 
(MQL) quickly reach their limits, especially in HPC-
operations of difficult-to-cut materials. A new aerosol strategy 
to lubricate the cutting zone with only small quantities of oil 
was developed by Rother Technologie. When using this dry 
lubrication strategy, (German abbrev. ATS) the cutting zone 
is lubricated by a very fine aerosol using oil particles of 
approx. 0.1 μm. The required oil flow rate varies between 
5 ml/h and 15 ml/h. Thus, the oil consumption is significantly 
lower than in MQL (Fig. 3). Due to the specific lubrication of 
the cutting zone the friction between tool and workpiece is 
reduced and high temperatures are prevented. If required, 
additional cooling is used with CO2 supplied separately 
through the nozzles [5]. 
 
 
Fig. 3. Comparison of flow rates for various lubrication methods. 
3. Application examples of various flushing strategies and 
cutting operations for difficult-to-cut materials 
Flushing strategies and machining conditions were 
investigated and analyzed, especially in machining high 
temperature alloys, aiming towards HPC, with improved 
performance, also considering economic and energy aspects. 
3.1. High-pressure flushing for grooving Titanium alloy 
The presented investigation shows a typical grooving 
application of a TiAl6V4 alloy used in the aircraft industry. 
The benefit of using high-pressure flushing in machining 
Ti-alloys with increased cutting speeds is presented in Fig. 4. 
The high coolant pressure causes better tool life, lower flank 
wear and improved chip control. At a normal cutting speed of 
50 m/min and a conventional fluid pressure of 40 bar, the end 
of tool life is reached after less than 3 minutes. Increasing 
coolant pressure up to 150 bar enables doubling of the cutting 
speed to 100 m/min and achieving tool life of more than 
20 minutes. Additionally, in comparison to conventional 
flushing conditions, the chip flow and chip breaking is 
improved significantly by high-pressure flushing. 
 
 
Fig. 4. Influence of cutting speed and flushing conditions on performance in 
grooving TiAl6V4 [6]. 
A further increase of pressure to 300 bar is not beneficial 
for tool life. Indeed, chip length can be reduced significantly, 
but the very small-sized pieces cannot be removed easily out 
of the machined grooves and may cause damages on the 
workpiece surface. Also the increase in cutting speed to 
150 m/min reduces tool life considerably to the same level as 
in conventional grooving processes. Basically increasing 
cutting speed and tool life provides considerable benefits 
concerning energy and economy in machining Titanium 
alloys. However, the supply of higher coolant pressure 
requires more power from the cooling system. Consequently, 
ideal values for cutting speed and coolant pressure have to be 
selected. It was found that the effective pressure range, 
considering tool wear, chip length and energy, is between 
80 bar to 150 bar. To reduce the processing time the cutting 
speed has to be as high as possible whilst maintaining a 
moderate level of tool wear in order minimize the cutting time 
as well as the non-productive time for tool replacement. 
 
 
Fig. 5. Specific energy expenditure for grooving in Ti-Alloys with high 
pressure flushing (120 bar) as a function of cutting speed [6]. 
Fig. 5 presents the specific energy consumption for cutting, 
the total machining energy, the specific energy for high-
pressure flushing and the resultant total specific energy 
consumption as a function of cutting speed. The specific 
energy consumption is the ratio of the total required energy 
for cutting to the total material being cut. The recommended 
limits for cutting speed considering chip length or specific 
energy and tool wear are also marked. These restrictions 
determine a cutting speed range from 100 m/min to 
130 m/min for a coolant pressure of 120 bar. An influence of 
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the pressure difference between 100 bar and 150 bar on the
total energy consumption could not be detected. The specific 
energy for cutting is minimal at 120 m/min, but it is only less
than 15% of the total energy. In contrast the energy for high-
pressure flushing may reach nearly 50% of the total specific
energy in grooving operations [3, 6]. 
This example in grooving Ti-alloys demonstrates that
performance and energy efficiency are influenced not only by
the ideal cutting speed, but also by the selection of the
appropriate flushing strategy with high-pressure coolant.
3.2. Comparison of various flushing strategies in longitudinal 
turning of Inconel 718
Cutting parameters of Inconel 718, a high-temperature
alloy, are normally very low due to thermal and mechanical
properties causing high tool wear. Short tool life and poor 
chip breaking especially in turning operations lead to low
process reliability. Investigations were carried out in
longitudinal turning with coated carbide inserts using three
cooling and lubricating strategies – high-pressure flushing,
cryogenic cooling with CO2 and aerosol dry lubrication (ATS)
with CO2 support. Cutting speed and cooling strategy were
varied to find out their influence on the cutting process and
the energy efficiency. The supply of high-pressure coolant jet 
and the cryogenic CO2 jet was realized on the rake face of the
turning tool as shown in Fig. 1a. Since it was not possible to
feed both the aerosol and the CO2 through the tool with the
ATS strategy, external nozzles were employed (see Fig. 3).
Fig. 6. Tool life and specific energy consumption in turning of Inconel 718.
Fig. 6 shows the achieved tool life and the specific energy
consumption as a function of cutting speed and flushing
strategy. The maximum tool life for both tested cutting speeds
could be obtained by using high-pressure flushing. The
maximum tool life of 30 minutes was reached at the lower
cutting speed of 50 m/min at a coolant pressure of 80 bar. The
increase in cutting speed by 50% up to 75 m/min with high-
pressure flushing or using cryogenic cooling provokes a
decrease in tool life by approx. 40% to 60%. In turning with
cryogenic cooling, the end of tool life was mostly reached as a
result of chipping of the cutting edge. Machining with aerosol
dry lubrication shows that the chips became longer as a
function of machining time. Thus, the tests were stopped
because of low process reliability without reaching the
maximum flank wear of VB = 0.3 mm. The increase in oil
flow rate from 6 ml/h to 42 ml/h in ATS did not significantly
enhance tool life and performance. Comparing the specific
energy consumption, it could be shown that CO2 cooling and
aerosol dry lubrication are more energy-efficient. The specific
energy consumption of these systems is more than 60% lower
than that of the high-pressure pump and cooling lubrication
devices. Increased cutting speed and hence higher material
removal rates lead to a reduction in energy consumption.
However, the decrease in tool life has to be considered.
Fig.7. Surface characteristics in turning with various cooling strategies
(Inconel 718, vc = 75 m/min, f = 0.1 mm/rev, ap = 1.5 mm).
The flushing strategy also influences the quality of the
generated workpiece surfaces (Fig. 7). The application of CO2
cooling or ATS with CO2, in particular at increased cutting
speed of 75 m/min, causes visible deposits on the surface 
(Fig. 7b, c), resulting from missing lubrication in case of CO2
cooling. The combination of aerosol with CO2 also exhibits a
reduced lubrication effect due to the deflection of the aerosol
by the carbon dioxide jet. This assumption can be proved by
the surface without any deposits generated when using only
ATS without CO2 (Fig. 7a) [4]. However, with this lubrication
strategy the tool life is reduced drastically due to the missing
cooling effect of the CO2 [4].
The results of turning Inconel 718 show that a flushing
strategy has to be selected considering different aspects such
as tool life, energy consumption and workpiece quality.
3.3. Cryogenic cooling in drilling cast iron
Drilling tests with cryogenic cooling detect only a small
change of energy requirements for cutting, while the total
energy consumption of the machine (EMachine) is reduced to 
65% with increasing removal rates in comparison to emulsion
cooling [6]. Higher removal rates mean shorter process times 
and a significant improvement of energy efficiency in drilling.
However, an increase of cutting parameters always causes
higher tool wear and shorter tool life. To achieve higher
material removal rates at a low wear level, various flushing
strategies including external flushing, dry cutting, MQL and
cryogenic cooling (CO2) were tested.
The results shown in Fig. 8 present the economic and
ecological advantages of cryogenic cooling compared to other 
cooling methods when drilling cast iron (Ø 7.0 mm, depth 
35 mm). In the examined range up to 31.5 m no significant
differences in tool life were observed between drilling with 
emulsion and cryogenic cooling. In particular when
machining at higher cutting parameters the cryogenic cooling
strategy is superior to dry machining or MQL. Increasing the
cutting speed while machining with MQL leads to tool life
reduced by approx. 50%. Using dry machining no reliable
machining can be realized. Cryogenic cooling at a cutting 
speed of 210 m/min enables a tool life that is at least eight
times longer than in dry machining and 50% higher than in
machining with MQL. The use of CO2 flushing reduced tool 
wear or improved tool life under dry drilling conditions [6]. 
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Fig. 8. Tool life and energy consumption as a function of machining 
conditions and flushing strategies in drilling cast iron. 
4. Modeling of drilling with cryogenic cooling 
The investigations showed that cryogenic cooling offers an 
efficient cooling strategy for machining difficult-to-cut 
materials. Thereby the coolant supply direction, nozzle form 
and tool geometry should also be considered. The finite 
element modeling method was implemented during the 
investigation in order to analyze and optimize the complex 
cutting processes with its influencing parameters. A current 
important challenge is the modeling of cryogenic cooling. 
4.1. Thermal models for cryogenic cooling  
During the cutting process the cryogenic medium (liquid 
Nitrogen LN2 or carbon dioxide snow CO2) is boiling, as 
discussed in section 2.2., because the temperatures of the tool 
and the workpiece are higher than the boiling temperature. 
Thus, adapted specifications are necessary for the heat 
transfer coefficient hc between the surface and the coolant. 
Kheireddine et al. [8] modeled cooling with LN2 when 
drilling using universal boundary conditions to calculate the 
convective heat flow q: 
 
ݍ ൌ ݄௖ሺܶ െ ୫ܶ୧୬ሻȏͺȐ    ȋͳȌ
 
A uniform value of 2 kW/m²K for the heat transfer 
coefficient hc and a minimum temperature of Tmin of –170°C 
were selected [8]. Hong [9] applied a similar procedure for 
modeling turning with a cryogenic spray cooling of the 
process zone. For the cryogenically cooled insert, a surface 
temperature-dependent heat transfer coefficient was assumed 
in the range of hc = 23.3 kW/m²K for T = –180°C to 
hc = 46.8 kW/m²K for T = 650°C at an ambient temperature of 
–196°C (boiling temperature of LN2). These high heat 
coefficient values are based on an intensive contact between 
the LN2 jet and the surface. In case of drills with cooling 
channels, a combination of spray cooling and indirect cooling 
of the drill was applied. Therefore a combined thermal model 
for the cryogenic cooling is necessary. The model includes 
spray cooling in the process zone based on the approach of 
Hong [9] and a description of cryogenic cooling in a tube 
(cooling channels in the drill and tool holder)  presented by 
Fastowski [10]. The description of tube cooling differs 
between nucleate boiling for wall temperatures under -170°C 
and a film boiling for wall temperatures over -170°C. The gas 
film determines the heat transfer coefficient hc. 
 Spray cooling [9] Tube cooling [10] 
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Fig. 9. Thermal models for cryogenic cooling. 
A comparison of both thermal models is shown in Fig. 9. 
The two approaches for tube and spray cooling differ widely 
in their application and in the heat transfer coefficient. An 
accurate assignment of the models, especially in the drilling 
tool, is crucial for a realistic calculation of the heat 
distribution. Thus, the tube sections in the drill were modeled 
using the temperature-dependent heat transfer coefficient of 
the tube-cooling model. In the simulation model, a reading of 
the local surface temperature was taken at each  
step, followed by the calculation of the heat transfer value and 
ultimately the heat flow. At the outlet of the cooling medium, 
the formed gas film is discharged and the contact is more 
intense, which can be described by the spray-cooling model. 
Fig. 10 illustrates the combined thermal model for cryogenic 
cooling in the drill and shrink-fit chuck. 
 

Fig. 10. The combined thermal model for cryogenic cooling in the drilling 
tool and the shrink-fit chuck. 
The software DEFORM 3D V10.1 was used for the 
simulation of the cooling behavior at the drill and the 
material-removal process. For the calculation of the 
temperature distribution the drill and the chuck were assumed 
to be mechanically rigid. The thermal expansions due to 
temperature changes were assumed negligible in comparison 
to the degrees of deformation in the cutting process. The heat 
transfer coefficient at the contact surfaces between drill and 
chuck was assumed to be 2.2 kW/m²K. For the verification of 
the simulation the temperature distribution during cooling of 
the tool and the chuck was measured and compared with the 
calculated temperatures. The temperatures of the numerical 
simulation and the experimental verification tests (cooling 
tests without cutting process) showed a good conformity. 
4.2. Calculation of the tool temperatures during drilling 
The verified thermal model for cryogenically cooled tool 
was the basis for modeling of the chip formation in the 
drilling . Workpiece material was modeled by plastic 
character with tetrahedral mesh. The tool was defined as a 
rigid body with thermal properties of solid carbide. 
Ǧ Ǧ
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Furthermore the contact between the tool and workpiece was 
modeled with a friction value of 0.3 and a heat flow of 
4 kW/m²K. The simulation was carried out for drilling of 
standard 42CrMo4 steel with a 7 mm drill, at a cutting speed 
of 105 m/min and a feed rate of 0.21 mm/rev. In addition to 
the cryogenic cooling influence on the drill and chuck, the 
surface sections of the workpiece facing the outlet openings of 
the cooling holes in the drill were also subjected to spray 
cooling. The simulation and calculation of the drilling process 
into solid materials has to be done in three dimensions due to 
process kinematics and different cutting conditions along the 
drill radius. Furthermore, at least two revolutions of the drill 
must be calculated in order to obtain a quasi-static 
temperature distribution. An overview of the thermal 
distribution in the chip formation zone is shown in Fig. 11. 
 
 
Fig. 11. Chip formation and temperature distribution in the cutting zone. 
Very high temperatures occur in the material being 
removed despite cryogenic cooling. Thus, localized 
workpiece temperatures up to 820°C and very high local 
temperature gradients relative to the tool were reached in the 
contact area between chip and rake face. For verification of 
the cutting simulations the torque and the feed force were 
measured in drilling tests with cryogenic cooling and 
compared with calculated results. The results showed only 
slightly higher drilling torque when machining with cryogenic 
cooling, probably due to lower temperatures in the cutting 
zone [7]. 
5. Conclusions 
The potentials and fields of application of the various 
flushing strategies for efficient high-performance cutting can 
be derived from the experimental and simulations results 
described in this paper. The selection of the appropriate 
flushing strategy depends on the machining operation, the 
workpiece material and the defined objective criteria such as 
costs, processing time, energy efficiency, tool life or surface 
quality. Fig. 12 presents a classification of the investigated 
flushing strategies in the determined fields of application. 
High-pressure flushing enables reliable chip breaking and 
highest tool life when machining high-temperature alloys. The 
need for energy-intensive flushing systems leads to higher 
cost and energy requirements. Therefore this strategy is 
primarily suitable for roughing applications under high-
performance conditions, since the specific energy 
consumption can be drastically reduced. 
The supply of fine aerosol dry lubrication to the cutting 
zone has an excellent lubrication effect. However, this effect 
mainly depends on the way the aerosol is fed in. Particularly, 
in combination with CO2 for cooling due to the separate 
supply the lubrication is influenced negatively by the CO2 jet. 
However, when machining high-temperature alloys, 
additional cooling is necessary in order to reach sufficient tool 
life. Consequently, a method for supplying both media into 
the cutting zone has to be developed for energy-efficient and 
high-performance cutting processes using aerosol dry 
lubrication combined with CO2 cooling. 
 
 
Fig. 12. Derived fields of application for various flushing strategies. 
Compared to high-pressure and the aerosol strategy, 
cryogenics has a more intensive cooling effect due to the 
lower temperatures of CO2 and LN2. Thanks to sublimation of 
the media during heat exchange with the cutting zone, it is 
possible to realize a completely dry and residue-free cutting 
process at increased cutting speeds. Based on the 
experimental investigation, a simulation model was developed 
to describe the conditions in the cutting zone when drilling 
with cryogenic cooling. Based on this model requirements for 
appropriate tool design can be deduced. 
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